Most current manufacturing facility layout problem solution methods aim at minimizing the total distance traveled, the material handling cost, and/or the time spent in the system (based on distance traveled at a specific speed). The methodology proposed in this paper solves the looped layout design problem for a looped layout manufacturing facility with a looped conveyor material handling system with shortcuts by using the operational performance metric, i.e. the work-in-process on the conveyor in a manufacturing facility, as the design criterion.
INTRODUCTION
A typical manufacturing facility (MF) consists of a production system (PS) and a material handling system (MHS). The PS consists of numerous operational cells henceforth referred to as a cell or cells. The literature generally refers to a cell in the PS as a machine, a facility, a station, a collection of stations, a department, a bay, etc. The MHS transfers the manufactured units, henceforth referred to as loads or jobs, from one cell to another. The types of MF layouts used in MHS design include single row, multi row, closed loop layout (Kusiak and Heragu 1987) , and open field layout (Loiola et al. 2007 ). We will focus on the layout of a MF, i.e. the manufacturing facility layout problem (MFLP) for a closed loop layout. We will refer to these as the looped layout MF (LLMF) and the looped layout design problem (LLDP), following the nomenclature introduced in Nearchou (2006) .
We begin by defining MFLP as an optimization problem whose solution determines the mostefficient physical organization of the cells in a PS considering an objective, such as minimizing the material handling cost (MHC), distance traveled, or time spent in the system (Benjaafar, Heragu and Irani 2002) . Previous MFLP formulations have tended to ignore the impact of a facility's layout on the operational performance of the MF, i.e. the work-in-process (WIP), the throughput, or the cycle time. Benjaafar (2002) shows that traditional MF design criteria can be a poor indicator of an MF's operational performance. Bozer and Hsieh (2005) also support this argument. Kouvelis, Kurawarwala and Gutierrez (1992) state that "the use of 'optimality' with respect to a design objective, such as the minimization of the material handling cost, is discriminating." Benjaafar (2002) argues that the MF's operational performance is contingent upon the congestion in the MF, which is a function of its capacity and variability. Hence, it is imperative that the objective of the MFLP captures the impact of the facility layout on an MF's operational performance. This can be achieved, for example, by setting the objective of the MFLP to minimize the WIP in the MF (Benjaafar 2002; Fu & Kaku 1997; Kouvelis & Kiran 1991; Raman, Nagalingam and Gurd 2008) . However, despite the presence of conveyor systems in high volume manufacturing facilities, to the best of our knowledge no methods have been proposed that generate the layout by minimizing the WIP in a LLMF with a closed loop conveyor (CLC) as the MHS.
This research proposes a methodology that addresses the development of a facility layout for an LLMF with a looped conveyor material handling system (LCMHS) that can have shortcuts across it, i.e. an LLDP, with the objective of minimizing the WIP.
DESCRIPTION OF THE FACILITY
A brief description of the LLMF given below entails the assumptions, definitions and characteristics of the LLMF. Figure 1 presents the LLMF. We assume that the number of machines required and their groupings are predetermined. The machines may be used individually or as a group, but in either case, we refer to them as cells. We assign M+2,…, N) are introduced as recommended by Hillier and Connors (1966) . There is one entry point (loading cell) and one exit point (shipping cell) to the LLMF. At the entry point (i = 0) products are delivered/loaded into the plant and at the exit point (i = N+1) products are shipped/unloaded from the plant.
The routing for each product through the LLMF is known and is deterministic. Products may visit each cell more than once. We use the decomposition method presented in Whitt (1983) to determine the internal flows between the cells, with the internal flows represented by ij λ where the product travels from
The LLMF shown in Figure 1 is a job shop with interconnected bays/cells that each consist of a group of machines or individual machines, an automated material handling system (AMHS) which is an LCMHS with no load recirculation (i.e. infinite buffer at unloading station from the conveyor), an input station (where new jobs are introduced to the LLMF) and an output station (where completed jobs are moved from the LLMF), and shortcuts as shown in Figure 2 .
The MF has a variable demand, for loads. The loads can backtrack to cells (revisit facilities) and bypass cells in the MF. Each cell has a loading/unloading station where loads are loaded to/unloaded from the conveyor.
We characterize the arrival process to cell i by an independently distributed random variable with an average interarrival time (1/ i λ ) and a squared coefficient of variation ( In the LLMF, a shortcut can be placed after each cell i in the direction of flow such that it is before the next cell i+1 and before the corresponding shortcut from the opposite side of the conveyor. Figure 2 illustrates the two sides of the conveyor. Cell p and cell q are on one side and cell r and cell s are on the opposite side. The shortcut p (arc 'eh') after cell p is placed in the direction of flow before cell q and before the corresponding shortcut r (arc 'gf') from cell r on the opposite side of the conveyor.
When a cell is the last cell on its side of the conveyor in the direction of flow, we always place a shortcut after that cell (the short wall of the conveyor that connects the two sides shown in Figure 1 .)
ANALYTICAL MODEL OF THE WIP

The Traveling WIP on the Conveyor
The following analysis provides an estimate for the expected traveling WIP on the conveyor without considering any turntables as described in Bozer and Hsieh (2005) . The conveyor travels at a constant speed; move requests follow a Poisson process; loading and unloading stations have unlimited capacity; and the conveyor is continuous with no turning delays (no turntables).
Consider that the conveyor is a series of nodes with a set of segments ( S ) connecting two nodes to form a network of nodes where the segments are the length of the conveyor connecting two cells. A window ( ϒ ) is the length of a conveyor defined to hold at most one job. Therefore, for a segment i with length i d , the number of windows ( i w ) is given by
Let i α be the average number of loads per time unit on segment i and s be the distance based speed of the conveyor. The window based speed of the conveyor ( ) v with respect to the window size in terms of windows per time unit is given by
This representation of the inherent speed of the conveyor is general as it account for non-unity window sizes. As long as the conveyor system is stable as described in Bozer and Hsieh (2004) , the probability
The expected traveling WIP ( CONV WIP ) on the conveyor is given by
Proposed Methodology for Estimating the WIP at Input (loading) Stations
We model the loading station as a G/G/m queue where if m > 1, the loading station has multiple loading robots. In general, the service time is the amount of time the load waits at the front of the queue, i.e. the head of the line (HOL), before being loaded onto the conveyor. Each load at the loading station is served for either a Type 1 or a Type 2 service distribution. We assume that the time the robot takes to transfer the load to the conveyor (drop-off time) is negligible in comparison to the conveyor cycle time, which we define as the time to move one window. It can be argued that in many practical situations the load transfer time onto the conveyor is not negligible with respect to the conveyor cycle time. In this case, we propose to adjust the window size ( ϒ ) so as to reduce the distance based speed ( s ) such that the conveyor cycle time is greater than the load drop-off time. In this case, the proposed method can be applied to estimate the WIP on the conveyor and the WIP at the input stations. Another approach would be to modify the service time distributions in Sections 3.2.1 and 3.2.2 to account for the time the robot takes to transfer the load; this is an area of future research.
Type 1 Service Distribution
When a load arrives at an empty input station queue:
The load waits for the residual conveyor cycle time
The Uniform Distribution with the range [ ]
The load waits for the first unoccupied window The Geometric distribution with probability i
to model the expected number of windows until the arrival of the first empty window. Multiplied by the conveyor cycle time, it is used to model event 2
We assume that both events are independent of one another. For each cell i, the expected service time for service type 1, ( ) 
Type 2 Service Distribution
When the load arrives at a non-empty input station queue:
Event 2
The load waits for the first unoccupied window The Geometric distribution with probability i φ ( i φ is further discussed in § 0) is used to model the expected number of windows until the first empty window. Multiplied by the conveyor cycle time, it is used to model event 2
For each cell i, the expected service time for service type 2, ( ) 
Substituting equations (4)- (7) in equation (9), we get 
A note on the adjusted probability
The adjusted probability i φ is the probability that a load arriving at the input station in segment i sees an occupied window. i φ is developed using numerical experiments in a manner similar to the G/G/1 approximation by Kraemer and Langenbach-Belz (1976) and reported by Shanthikumar and Buzacott (1980) . We observe that using the probability that the segment is occupied, i.e. i q , as the probability of success for the Geometric distribution underestimates the number of Bernoulli trials estimated until the first success. We also observe that under high utilization the adjustment required to i q is minimal, whereas under low utilization the adjustment to i q is significant. Intuitively, under high utilization, since the conveyor is almost completely occupied i q approaches i φ , and theoretically at a utilization of 1, i i q φ = . With this in mind, for each cell i a simple metric for i φ is given by ( )
where the utilization for each cell i is given by
Thus, (11) satisfies all of the observances described above: under low utilizations the adjustment factor is significant; under high utilizations the adjustment factor is minimal; and when i ρ is 1, i i q φ = .
OPTIMIZATION MODEL
The total cost function is given by
Let Ω be the ratio of the cost of installing the shortcut to the cost of a single unit of production. The effective cost per production unit is given by
This method is employed by Hong et al. (2011) to bypass the problem of determining the price of a unit of production and the price of installing a shortcut. We focus on the formulation by permutations since it is the most commonly used formulation and extends itself well to formulations with very complicated objective functions. According to Hillier and Connors (1966) and Loiola et al. (2007) , if N S is the set of all permutations of N variables, given that each permutation ( π ) represents a unique layout of the MF, i.e. a unique assignment of M cells to N locations, then N S π ∈ . For an LLMF, the LLDP with a LCMHS is presented below using the formulation by permutations: the objective function as shown in (15) 
Solution Algorithm
We employ a genetic algorithm (GA) to solve the LLDP as described in (15) and (16). In essence, for each permutation π, we use the greedy heuristic described by Johnson et al. (2009) to determine the number of shortcuts, and then compute the fitness (objective) value from (14). In this manner, the fitness value from (15) for each permutation N S π ∈ reflects the benefit (if any) of including the shortcuts.
APPLICATION
SEMATECH (2002) developed a virtual fabrication model of a general semiconductor manufacturing facility. Using its flow rates between cells as the test data for our proposed model, we multiply them by 4 (to stress test the system), and set the conveyor speed to 0.305 ft/sec. The SEMATECH (2002) had a determined layout, as shown by the unboxed numbers in Figure 3 . The original SEMATECH simulation model layout's fitness value is 945.72. We execute the GA to obtain the best layout with no shortcuts (Figure 3 ). The fitness (objective) value is 526.06, a 44.37% reduction over the original SEMATECH layout. Figure 3: Layout for MF with no shortcuts
Here, the numbers in the boxes represent the cells (machines/facilities) and the lighter unboxed numbers represent the locations. For example, cell 5 is assigned to location 1, cell 8 to location 2, and so on. Henceforth for simplicity, the pictographic layout representations omit the location information. Figure 4 shows the best layout with Ω = 10 with a fitness (objective) value of 329.21. Comparing cell layouts gives interesting results. For example, when no shortcuts are allowed, a specific layout of the MF is prescribed, i.e. a specific assignment of cells to locations is prescribed. We want to find the fitness value when Ω = 10 or Ω = 25. Using this layout we determine the set of shortcuts using the Greedy algorithm (Johnson et al., 2009 ) and the fitness value when Ω = 10 or Ω = 25. Next, we com-pare both the layout of cells from each solution used in the other scenarios and the solutions themselves. This comparative exercise illustrates that merely determining the best set of shortcuts given a current layout will not guarantee the lowest WIP. As expected, the 'Ω = 10' solution has the lowest fitness values and the lowest total distance travelled by the units of production. Examining the solutions in Table 1 we observe the impact of the combined solution algorithm (layout and shortcuts simultaneously) versus the two step process (first best layout and then best shortcuts). For example, by using the no shortcuts solution we can obtain a semi-optimal solution. In many ways, this is analogous to a global solution versus a local solution for a non-linear optimization problem.
The results of the comparisons are presented below (see Appendix B for the pictographic comparison). As expected, the 'Ω = 25' solution has the lowest fitness values. Interestingly, the best fitness solution does not have the lowest total distance travelled by the units of production. If the decision criterion is to minimize the distance travelled, we would select the Ω = 10 solution. However, this solution does not have the lowest cost with respect to WIP and conveyor costs. Again, it is evident that the lowest distance travelled solution does not guarantee the lowest cost with respect to the WIP and conveyor cost.
CONCLUSIONS
Traditionally, a solution algorithm is used to determine the best layout, followed by another solution algorithm (for example, Johnson et al. (2009 ) or Hong et al. (2011 ) to determine the best set of shortcuts. However, the benefits of the shortcuts are only seen for the best non shortcut based layout. The methodology proposed in this paper gives the benefits of the shortcuts for every layout encountered and thereby guaranteeing an equivalent or better solution compared to the traditional method. In other words, it is possible to see the impact and benefit of the combined solution algorithm (layout and shortcuts simultaneously) versus the two step process (first best layout and then best shortcuts).
